High doses of estrogenic pharmaceuticals were once prescribed to women to halt lactation. Yet, the effects of low-level xenoestrogens on lactation remain poorly studied. We investigated the effects of bisphenol S (BPS), an estrogen receptor (ER) agonist, on the lactating mammary gland; the arcuate nucleus, a region of the hypothalamus important for neuroendocrine control of lactational behaviors; and nursing behavior in CD-1 mice. Female mice were exposed to vehicle, 2 or 200 mg BPS/kg/d from pregnancy day 9 until lactational day (LD) 20, and tissues were collected on LD21. Tissues were also collected from a second group at LD2. BPS exposure significantly reduced the fraction of the mammary gland comprised of lobules, the milk-producing units, on LD21, but not LD2. BPS also altered expression of Esr1 and ERa in the mammary gland at LD21, consistent with early involution. In the arcuate nucleus, no changes were observed in expression of signal transducer and activator of transcription 5, a marker of prolactin signaling, or ERa, suggesting that BPS may act directly on the mammary gland. However, observations of nursing behavior collected during the lactational period revealed stage-specific effects on both pup and maternal nursing behaviors; BPS-treated dams spent significantly more time nursing later in the lactational period, and BPStreated pups were less likely to initiate nursing. Pup growth and development were also stunted. These data indicate that low doses of BPS can alter lactational behaviors and the maternal mammary gland. Together, they support the hypothesis that pregnancy and lactation are sensitive to low-dose xenoestrogen exposures. (Endocrinology 158: 3448-3461, 2017) 
D
uring pregnancy, the mammary gland undergoes rapid development to support lactation, including extensive ductal branching and alveolar development. The mammary epithelial cells proliferate, producing alveolar buds that differentiate into lobuloalveolar units, the functional structures that secrete milk during the lactational period (1) . Furthermore, vascularization surrounds the alveoli, which multiply to fill the fat pad, leading to a decline in adipose tissue in the gland (2) . Hormones, most importantly progesterone and prolactin, mediate this developmental period (3) . Progesterone controls branching and alveologenesis, the process of differentiation into lobuloalveolar units. At the end of pregnancy, estrogen levels spike and progesterone levels drop, initiating parturition. The loss of progesterone allows estrogen to stimulate the secretion of prolactin, promoting the final phase of differentiation in the mammary gland as well as milk synthesis and secretion (4) .
Breast milk imparts a unique set of nutritional factors and immune complements from the mother to the nursing infant (5) , providing protection against a range of childhood diseases that contribute to morbidity and mortality (6) . At least eight pediatric diseases have been shown to be associated with insufficient breastfeeding, including acute lymphoblastic leukemia, ulcerative colitis, lower respiratory tract infections, necrotizing enterocolitis, and sudden infant death syndrome (7) (8) (9) (10) (11) . Meta-analyses examining the longterm benefits of breastfeeding suggest it is associated with reduced rates of noncommunicable diseases in mothers, including hypertension and cancers (12) (13) (14) . A number of factors influence the likelihood that a mother will initiate and maintain breastfeeding, including biomedical issues, psychosocial influences, interactions with health care providers and lactation support services, and socioeconomic forces, such as a need to return to work (15) . Within 4 months of parturition, women most commonly report that insufficient milk supply is their reason for premature cessation of breastfeeding (16) .
In the 1960s and 1970s, pharmaceutical treatments were provided to suppress lactation in women who elected not to breastfeed. Double-blind placebocontrolled trials demonstrated the efficacy of several high-dose hormonal treatments (17) (18) (19) . For example, diethylstilbestrol, a potent synthetic estrogen, was commonly prescribed to women for lactational suppression (20) (21) (22) (23) . Further investigation suggests a mechanism whereby very high levels of estrogen inhibit the release of prolactin, thereby reducing milk production and release. Studies of rodents exposed to environmental chemicals indicate that these compounds can also disrupt lactation. In evaluations of exposed pregnant/lactating adult female mice, exposures to dioxin or perfluorooctanoic acid (PFOA), a common surfactant, altered mammary gland morphology, expression of milk proteins, and other measures of lactogenesis (24) (25) (26) . Other studies have shown that female mice exposed to environmental chemicals during perinatal development display decreased patterns of lactogenesis, altered mammary gland morphology, decreased expression of milk proteins, changes in the expression of milk enzymes, and altered milk composition (24, 27, 28) . Although high doses of xenoestrogens are anticipated to affect the lactating mammary gland, little is known about the effect of low doses, including those in the range of human exposures.
Bisphenol S (BPS) is an analog of bisphenol A (BPA), with similar biological activities; BPS is an estrogen receptor (ER) agonist (29, 30) , and it also alters progesterone signaling (31) . BPS began to be used in consumer products because it was considered a safe replacement for BPA due to its superior thermal stability. It has been detected in canned foods, thermal paper, plastics, personal care products, food cartons, and other consumer goods (32) (33) (34) (35) (36) . Furthermore, human biomonitoring studies have reported detectable concentrations of BPS and its metabolites in humans, with exposures that vary depending on country of residence (37, 38) . Median urinary concentrations are reported at 0.299 ng/mL in the United States and 1.18 ng/mL in Japan (37) , with exposures that appear to be increasing over time (38) .
Only a small number of studies have examined the effects of BPS in mammals (39) (40) (41) . Our recent study revealed that low doses of BPS alter maternal behavior in female mice exposed during pregnancy and lactation, as well as in their daughters exposed during early development (42) . The adult BPS-treated females also had a significant increase in ERa expression in the caudal subregion of the central medial preoptic area, a region of the brain critical for maternal care. In this study, we examined the effects of BPS on the lactating mammary gland, nursing behavior, pituitary, and arcuate nucleus, an ER-rich region in the hypothalamus important for the regulation of neuroendocrine functions, including behaviors associated with lactation (43) . In addition to evaluating the effect of BPS on the mother, we also examined growth and developmental endpoints in the offspring. Our results suggest that BPS alters both mammary gland morphology and nursing behaviors in exposed adult female mice and development in their exposed offspring.
Materials and Methods

Animals
Timed pregnant female CD-1 mice (Charles River Laboratories, Raleigh, NC) were housed individually in polysulfone cages with food (ProLab IsoDiet, Brentwood, MO) and water (in glass bottles with rubber stoppers) provided ad libitum, as described previously (42) . The animals were maintained at the University of Massachusetts, Amherst Central Animal Facility, in temperature-and light-controlled conditions (12 hours light, 12 hours dark). All experimental procedures were approved by the University of Massachusetts Institutional Animal Care and Use Committee.
On pregnancy day 8, dams were randomly assigned to treatment groups using statistical software to give a normal distribution of body weight to each treatment group. From pregnancy day 8 until weaning [on lactational day (LD) 21], pregnant females were weighed daily. Dams were fed a small wafer (Nabisco, East Hanover, NJ) treated with BPS or vehicle alone (70% ethanol, allowed to dry before feeding) every day. Wafers were dosed with solutions to deliver 2 or 200 mg BPS/kg/d (Santa Cruz Biotechnology, Dallas, TX; purity .99%). BPS dose was adjusted for dam body weight daily. Dams delivered naturally (birth designated LD0). In one group of dams, BPS was administered from pregnancy day 9 through LD20, litters were culled to 10 pups on LD1, and pups were weaned on LD21. These dams were euthanized at LD21. In a second set of dams, BPS was administered from pregnancy day 9 through LD1, litters were culled to 10 pups on LD1, and dams were euthanized at LD2. At LD2, sample sizes were as follows: control (n = 5), 2 mg BPS/kg/d (n = 8), and 200 mg BPS/kg/d (n = 9). On LD21, sample sizes were as follows: control (n = 14), 2 mg BPS/kg/d (n = 17), and 200 mg BPS/kg/d (n = 15).
Nursing behavior assays and pup growth measurements
Nursing behaviors were observed on LD2, 7, and 14. Dams were observed without intervention for a period of 90 minutes at the beginning of the light phase. Every 3 minutes, each dam's nursing behavior was recorded; after determining whether the dam was nursing pups, the nursing position was determined, including the following: ventral, blanket, high-crouch, and lowcrouch positions (44, 45) . At the end of the observational period, the dam and her pups were gently removed from the cage. Dam and pup body weights were recorded. On postnatal day (PND) 14, the pups were also observed for eye opening, a marker of development.
Evaluation of pup-initiated nursing
As described in our prior study, maternal behavior was evaluated using a standard pup retrieval assay (42) . Briefly, the dams and pups were separated for short periods of time (typically 5-10 minutes) to allow nest parameters to be measured [reported in (42) ]. After this time, pups were scattered in the cage at the opposite end from the nest, and the dam was returned to the cage. In addition to evaluating the dam's ability to retrieve the pups [data already reported (42)], we observed the pups over a 10-minute period to determine whether they initiated nursing. At both LD7 and LD14, the pups were sufficiently mobile to pursue the dam and initiate nursing, even when pup retrieval was not observed.
Euthanasia and tissue collection
On LD2 or LD21, dams were euthanized via CO 2 inhalation, and blood was collected immediately following decapitation. Because animals were euthanized at a particular age, estrus cycle stage was not controlled between animals or treatment groups. Blood was spun to isolate serum, which was stored at 280°C for evaluation via enzyme-linked immunosorbent assay. From every dam, the right fourth inguinal mammary gland was dissected from the skin, spread on a glass slide (Fisher Scientific, Pittsburgh, PA), and fixed in neutral buffered formalin (10%) (Fisher Scientific) overnight (standard whole mount preparation). The right fifth inguinal mammary gland was fixed in neutral buffered formalin (10%) overnight for histology. The left fourth abdominal mammary gland was dissected from the skin, flash frozen on dry ice, and stored at 280°C for quantitative reverse transcription polymerase chain reaction (qRT-PCR) analyses. Brains were collected only from dams on LD21. Brains were fixed in neutral buffered formalin (10%) using methods we optimized previously (42, 46) .
Whole-mount preparation and analysis
After fixing in neutral buffered formalin, whole-mounted mammary glands were processed through an alcohol series, defatted with toluene, stained with Carmine-alum, dehydrated in an alcohol and xylene series, and preserved in k-pax heatsealed bags (Fisher Scientific) with methyl salicylate (Acros Organics, Morris Plains, NJ) (47) . Digital images of wholemount mammary glands were obtained using a Zeiss AxioImager dissection microscope (Carl Zeiss Microscopy, Jena, Germany) at magnification of 36 and a Zeiss high-resolution color camera. To evaluate the density of epithelial structures in the whole mount, four identical boxes (each 5 mm 2 ) were placed to the anterior, posterior, and lateral sides of the lymph node, a central feature within the fourth inguinal mammary gland. ZEN software (Carl Zeiss Microscopy) was used to measure the intensity of the mammary tissue in each box, where higher numbers indicate brighter signals (and therefore less dense mammary tissue). Intensities were normalized for each stage (LD2, LD21) so that the average control = 1; numbers .1 indicate less epithelial tissue compared with controls, and numbers ,1 indicate more epithelial tissue compared with controls.
Tissue processing and histological staining
To prepare mammary tissue for paraffin sections, the fixed excised tissue was washed in phosphate-buffered saline, dehydrated through a series of alcohols, and embedded with paraffin (Leica Biosystems, Richmond, IL) under vacuum. Fivemicrometer sections were cut on a Fisher rotary microtome and mounted on positively charged slides (Fisher Scientific). These sections were used for histological and immunohistochemical analyses.
For histological evaluations, slides were deparaffinized with xylene and a series of alcohols, stained with Harris hematoxylin and eosin (Fisher Scientific), dehydrated, and mounted with permanent mounting media (Fisher Scientific). Digital images were collected using a Zeiss Axio Oberserver.Z1 inverted microscope, a 320 objective, and a high-resolution color camera (Carl Zeiss Microscopy). First, to quantify the fraction of the mammary gland comprised of adipose tissue vs lobuloalveolar units (lobules), three images were taken at random from nonoverlapping areas of the histological section. An identical 10 3 13 grid (with 108 crosshairs, 50 mm apart) was placed on each image, and the tissue type located at each crosshair (lobule, adipose, blood vessel, other connective tissue, etc.) was recorded. Second, to quantify the average lobule size, a minimum of three nonoverlapping images was collected using a 340 objective. For each image, an identical 5 3 5 grid (with 16 crosshairs, 60 mm apart) was placed, and all lobules that fell on crosshairs were measured for area. A minimum of 9 lobules was evaluated to calculate the average lobule size in each gland.
Mammary gland immunohistochemistry
Expression of four markers was evaluated using standard methods for immunohistochemistry and commercial antibodies, including rabbit anti-ERa (catalog no. 06-935; EMD Millipore, Temecula, CA); rabbit anti-Ki67 (catalog no. RM-9106-S1; Fisher Scientific), a marker of proliferation; rabbit anti-signal transducer and activator of transcription 5a (Stat5a; catalog no. sc-1081; Santa Cruz Biotechnology), a marker of prolactin receptor signaling; and rabbit anti-progesterone receptor (PR; catalog no. ab131486; Abcam, Cambridge, MA). See Table 1 for a summary of these antibodies. For each marker of interest, a single section cut longitudinally through the mammary gland was used for analysis. Briefly, sections were deparaffinized, hydrated through a series of alcohols, microwaved in 10 mM citrate buffer (pH 6) for antigen retrieval, and treated with hydrogen peroxide to quench endogenous peroxidases. Nonspecific binding was blocked with 1% milk protein in 5% normal goal serum (Cell Signaling Technology, Danvers, MA). Sections were incubated with primary antibodies (see Table 1 for concentrations) at 4°C for 14 to 16 hours, washed, and incubated with secondary antibody (goat anti-rabbit, catalog no. ab64256; Abcam), followed by streptavidin peroxidase complex (catalog no. ab64269; Abcam).
Diaminobenzidene chromogen (catalog no. ab64238; Abcam) was used to visualize reactions. Sections were counterstained with Harris' hematoxylin (Fisher Scientific). Each immunohistochemical run included a negative control in which the primary antibody was replaced with 5% normal goat serum.
Two nonoverlapping images were taken of each sample for each marker of interest (ERa, Ki67, Stat5) with a Zeiss Axio Observer.Z1 inverted microscope. Because previous studies have shown that PR-positive cells are not detected in the mammary gland during pregnancy and lactation in mice (48, 49) , PR expression was examined in only a limited number samples from each treatment group. Expression of each marker was evaluated by counting at least 200 epithelial cells. Each marker was expressed as a percent ratio of the total number of epithelial cells evaluated.
Brain immunohistochemistry
Fixed brains were washed in phosphate-buffered saline and sectioned in the transverse plane at 40 mm thickness. The arcuate nucleus was identified using a mouse brain atlas (50) . Free-floating sections were processed for immunoreactivity to ERa or Stat5 (Table 1) using methods described previously (51) . Expression of markers of interest was visualized using diaminobenzidene chromogen (catalog no. ab64238; Abcam). One image per section was collected using the Zeiss AxioImager (magnification of 3150) and a Zeiss high resolution color camera. ImageJ software (National Institutes of Health, Bethesda, MD) was used to convert the image from RGB color to 8 bit, subtract background, and automatically threshold. Cells expressing ERa and Stat5 in the arcuate nucleus were counted on two anatomically matched sections per animal using ImageJ. A small number of sections was also counted manually to ensure that automated counting was accurate (within five positive cells of the automated measure). Sections incubated in blocking solution without primary antibodies were used as negative controls.
Enzyme-linked immunosorbent assay
Serum was isolated from blood samples collected from dams at LD21 at the time of necropsy. A commercially available kit (catalog no. ab108667; Abcam) was used to quantify 17b-estradiol levels in these serum samples. The absorbance of the samples was measured at 450 nm using a SpectroMax plate reader (Molecular Devices, Sunnyvale, CA). The limit of detection was 3 pg/mL. All samples were run in duplicate, and the coefficient of variation ranged from 4% to 14.8%.
Quantitative polymerase chain reaction
Total RNA was extracted from mammary glands of individual mice using TRIzol reagent (Ambion, Carlsbad, CA) and a BeadBug microtube homogenizer (Sigma-Aldrich, St. Louis, MO), according to the manufacturer's instructions. Total RNA was quantified by UV spectrophotometry (Nanodrop 1000; Thermo Scientific). One microgram of RNA from each sample was reverse transcribed to complementary DNA using reverse transcription (Applied Biosystems, Foster City, CA). The FastStart Universal SYBR Green Master kit (Roche Diagnostics, Indianapolis, IN) was used for the quantitative polymerase chain reactions (PCRs) along with 1 mL complementary DNA and 300 nM forward and 300 nM reverse primers for each target gene. b-actin was used as a housekeeping gene. Every sample was run in duplicate for each gene target. The thermal profile was as follows: 10 minutes at 95°C; 40 cycles of 15 seconds at 95°C, 30 seconds at 60°C, and 15 seconds at 72°C; a melting-curve analysis was conducted to identify nonspecific products. Relative quantification was determined using the DD cycle threshold method to correct for differences in b-actin (52) . Primer sequences are reported in Table 2 .
Statistical analysis
Behavioral, morphological, histological, and immunohistochemical analyses were conducted by observers blind to the treatment groups. Data were analyzed using SPSS Version 23 (IBM Corp, Armonk, NY). Continuous variable data were analyzed using one-way analysis of variance general linear model analyses with treatment as the independent variable, followed by Bonferroni and Fisher least significant difference post hoc tests. Data that were not normally distributed were evaluated using a nonparametric independent samples median test. Categorical data (e.g., yes/no pup-initiated nursing) were evaluated with a chi square test. Data were considered 
Results
BPS alters mammary gland histoarchitecture during late lactation
To evaluate the effect of exposure to BPS during pregnancy and lactation on the mouse mammary gland, we first examined whole-mount mammary glands collected from females at two different periods of lactation, early lactation (LD2) and just prior to natural weaning (LD21). Intensity of the mammary gland, a quantitative measure of the density of epithelial structures, was normalized at each stage of development so that BPS-treated females could be compared with vehicle-exposed animals at both stages. On LD2, BPS-treated females had mammary glands with lower intensities (corresponding to more epithelial structures), whereas at LD21, BPS-treated females had mammary glands with higher intensities (corresponding to fewer epithelial structures) (Fig. 1A-C) . Due to high variability within treatment groups, these patterns were not statistically significant. However, the overall trend suggests that BPS exposure might increase the amount of functional mammary tissue in early lactation on LD2, while inducing early involution toward the end of the lactation period on LD21. (Esr2)  TGT GTG TGA AGG CCA TGA TT  TCT TCG AAA TCA CCC AGA CC  PR (ProgR) total  AAA GGA TCC GCA GGT TCT C  GTT CCA TCT TCC AGC GGA To further investigate this possibility, we evaluated two histological characteristics in the lactating mammary gland on both LD2 and LD21: the volume fraction of the mammary gland comprised of lobuloalveolar structures and lobule size. At LD2, there were no statistically significant differences observed in either the volume fraction of lobules or lobule size between treatment groups (Fig. 1D-F) , although a nonsignificant increase in lobule size was observed (23% in females exposed to 2 mg BPS/kg/d; 30% in females exposed to 200 mg BPS/kg/d).
In contrast, on LD21, the volume fraction of lobules was significantly reduced, and the volume fraction of adipose tissue was significantly increased, in females exposed to 200 mg BPS/kg/d (Fig. 1C, 1G) ; P , 0.05, Bonferroni post hoc test, and data not shown], consistent with the patterns observed in mammary gland whole mounts. Lobule size was decreased in the BPS-treated females (8% in females exposed to 2 mg BPS/kg/d; 24% in females exposed to 200 mg BPS/kg/d), but these differences were not statistically significant (Fig. 1H) . Collectively, these results suggest that the histomorphology of the lactating mammary gland is disrupted by BPS exposure in late, but not early, lactation.
BPS alters prolactin signaling in the lactating mammary gland at LD21
In the mammary gland, expression of Stat5, a marker of prolactin signaling and mammary epithelial cell differentiation, increases during lactation. During involution, Stat5 is inactivated, halting prolactin signaling and reducing cell survival (53) . To assess the effect of BPS exposure on Stat5 expression, we evaluated the presence of Stat5 in lactating mammary glands on LD21 using immunohistochemistry. Although the number of epithelial cells that were Stat5 positive was decreased in treated females compared with vehicle-exposed dams, these differences were not statistically significant ( Fig. 2A,  2B ). We also evaluated prolactin receptor expression using qRT-PCR. Evaluation of both the long isoform and total receptor (short plus long isoforms) revealed a similar pattern in which exposure to 2 mg BPS/kg/d increased expression of prolactin receptor and exposure to 200 mg BPS/kg/d decreased expression of prolactin receptor (Fig. 2C) ; P , 0.05, independent samples median test].
BPS alters expression of ER in the lactating mammary gland
In the mouse, ERa is expressed at relatively high levels in the adult mammary epithelium; its expression is diminished during pregnancy, and it returns to high levels of expression (of both messenger RNA and protein) during lactation (54) . We next evaluated expression of Esr1, the gene encoding ERa, in the lactating mammary https://academic.oup.com/endogland on LD21 using qRT-PCR. Expression of Esr1 was modestly increased in females exposed to 2 mg BPS/kg/d and decreased in females exposed to 200 mg BPS/kg/d (Fig. 3A) ; P , 0.05, Bonferroni post hoc test]. However, a different pattern was observed when we evaluated expression of ERa protein using immunohistochemistry. In this study, the percentage of epithelial cells that were ERa positive was increased in females of both BPS treatment groups relative to control animals ( Fig. 3B) , 3(C); P , 0.05, Bonferroni post hoc test]. Expression of Esr2, the gene encoding ERb, was not detected in any sample at LD21, even after 40 PCR cycles (data not shown).
We also evaluated the expression of PR using both qRT-PCR and immunohistochemistry. No PR-positive cells were observed in the epithelium of the lactating mammary gland in any of the treatment groups or in control animals, and PR messenger RNA was also not detected, even after 40 PCR cycles (data not shown). This is consistent with prior studies showing that PR is not present in the mouse mammary gland during lactation (48, 55).
BPS does not induce proliferation in the lactating mammary gland
During pregnancy, mammary alveolar buds first proliferate and then differentiate to produce lobuloalveolar structures (56) . Proliferation rates are typically very low during lactation. We examined the expression of Ki67, a marker of proliferation, in the lactating mammary gland epithelium at LD2 and LD21. At LD2, the percentage of epithelial cells that were Ki67 positive was very low (,0.1%), with no significant differences between treatment groups (data not shown). BPS treatment during pregnancy and lactation also did not affect the percentage of epithelial cells that were positive for this marker of proliferation in the mammary epithelium at LD21 (Fig. 3D, 3E ).
BPS treatment alters nursing behaviors in exposed dams and their pups
Our previous studies revealed that BPS exposure during pregnancy and lactation induced subtle, but significant alterations to maternal behavior; exposure to 200 mg BPS/kg/d altered the amount of time that dams spent on the nest (42) . We next wanted to determine whether BPS exposure would alter time spent nursing, which can occur both on and off the nest. We also evaluated the nursing posture used by dams throughout the lactational period. During early and midlactation (L2 and LD7, respectively), we observed no significant differences in the time spent nursing based on BPS treatment. Interestingly, on LD14, when time spent nursing was decreased in control dams (with females spending only ;40% of the observed time nursing), females treated with 200 mg BPS/kg/d spent significantly more time nursing (Fig. 4A) ; 200 mg BPS/kg/d, P , 0.05, Bonferroni post hoc test]. We also evaluated the percentage of observed time that females spent in a high-crouch posture, which is associated with maximal milk ejection (45) . At all three lactational stages evaluated, BPS-treated dams spent more time in the high-crouch position compared with control females, with statistically significant differences observed on LD14 between controls and females treated with 2 mg BPS/kg/d (Fig. 4B) ; P , 0.05, independent samples median test].
Finally, we evaluated pup-initiated nursing behaviors after dams were briefly separated from the litter (typically for 5 to 10 minutes) followed by a pup retrieval assay [data on pup retrieval behaviors were reported previously; see (42) ]. Pup-initiated nursing requires that pups actively pursue the mother, typically outside of the nest, to suckle and nurse. On PND2, the pups are relatively immobile and do not actively initiate nursing. By PND7, 20% to 40% of litters had one or more pups actively initiate nursing, with no significant differences between treatment groups (Fig. 4C) . At PND14, 91% of control litters displayed pup-initiated nursing, but only 50% of litters born to dams treated with 200 mg BPS/kg/d displayed these behaviors, a significant difference ( Fig. 4C; P , 0.05, chi square test) . Collectively, these results suggest that BPS induces a number of changes in nursing behaviors, including mothers that spend more time nursing later in the lactational period, mothers that spend more time in the high-crouch nursing position, and pups that are less likely to initiate nursing themselves.
BPS and the hypothalamic-pituitary-ovarian axis
The arcuate nucleus is an ER-rich region in the hypothalamus that is important for the regulation of behaviors associated with lactation (43) . To assess changes in the hormone receptor expression in this region, we examined anatomically matched brain sections containing the arcuate nucleus using immunohistochemistry. No differences between treatment groups were observed in the total number of ERa-positive cells in the arcuate nucleus (Fig. 5A , 5B). The total number of Stat5-positive cells, a marker of prolactin signaling, in the arcuate nucleus was also not affected by BPS exposure (Fig. 5C) . Expression of prolactin receptor in the pituitary, evaluated using qRT-PCR, was not affected by treatment either (data not shown). Finally, we measured serum concentrations of 17b-estradiol, which is produced by the ovary and provides negative feedback to the hypothalamus and pituitary. We found that BPS-exposed dams had lower serum concentrations of 17b-estradiol, with median concentrations that were significantly lower than controls ( Fig. 5D ; P , 0.05, independent samples median test).
Pup growth and development are affected by BPS treatment
Pup weights were recorded for each litter on PND2, 7, and 14; to control for differences in litter size, only litters with 9 to 10 pups were evaluated. The average pup weight on PND2 and PND7 did not differ significantly between vehicle-and BPS-exposed animals. On PND14, pups born to mothers treated with 2 mg BPS/kg/d weighed significantly less than pups born to control mothers (control: 9.37 6 0.12 g; 2 mg BPS/kg/d: 8.71 6 0.18 g; P , 0.05, Fisher post hoc test). Pups born to mothers treated with 200 mg BPS/kg/d also weighed less than pups born to control dams (200 mg BPS/kg/d: 9.09 6 0.24 g), but this decrease was not statistically significant (Fig. 6A) .
To further evaluate the effects of BPS on the developing pups, we examined pup eye opening, a standard developmental measure, at PND14. The percentage of pups in each litter with closed eyes on PND14 increased with BPS treatment, although these differences were not statistically significant (Fig. 6B) . The number of litters with at least one pup with closed eyes was similar in controls and litters from the 200 mg BPS/kg/d group (4/14 and 4/15, respectively), but higher in the 2 mg BPS/kg/d group (8/17) .
Discussion
In this study, we examined the lactating mammary gland and nursing behavior in female CD-1 mice exposed to BPS during pregnancy and lactation. The effects of exposures to xenoestrogens during pregnancy and lactation are not well studied, although this period is recognized for rapid development of the mammary gland and substantial changes in hormone signaling and behavior in the mother (1, 3) . To date, only a small number of chemicals have been shown to affect the gland during this critical developmental stage. PFOA has been shown to decrease differentiation in the mammary gland of CD-1 mice after exposure during pregnancy, resulting in female pups with diminished growth and body weights (25) . Similarly, exposure to dioxin during pregnancy and lactation induced abnormal and stunted mammary gland development and a decrease in milk protein gene expression (2, 26) . These results support the current findings: mammary gland development is susceptible to chemical exposures during this stage of life.
Our data may be consistent with BPS-induced early involution in females exposed to 200 mg BPS/kg/d; these females had less developed, less dense mammary glands with nonsignificant decreases in epithelial density measured in whole mounts at LD21 and significant decreases in epithelium observed at the level of histomorphology (Fig. 1) . Importantly, the fraction of the mammary gland comprised of lobuloalveolar units, the functional structures in the lactating mammary gland that secrete milk, was not different on LD2, but was significantly decreased in BPS-treated dams on LD21. Similar to what has been observed for PFOA (24, 25) , this diminished function of the mammary gland was accompanied by increased time spent nursing at LD14 and increases in the time spent in high-crouch nursing, the posture associated with increased milk letdown (Fig. 4) . These results suggest that the dams exposed to 200 mg BPS/kg/d may compensate for their lactational deficiencies by altering their nursing behaviors. Although this compensation appears to allow the pups in these litters to maintain almost-normal body weights, other developmental endpoints, including eye opening, suggest that the pups from these litters may be developmentally delayed. In dams treated with 2 mg BPS/kg/d, there were no significant effects observed on the dams' mammary gland morphology or on nursing behavior, but the pups from these litters were found to have decreased body weight throughout the lactational period compared with controls (Fig. 6) . These results might suggest more complex effects of BPS on the lactating mammary gland, including effects on milk protein expression or milk volume, which warrant future study. Prior studies have demonstrated that BPA can alter mammary gland differentiation and milk composition, but these effects were observed in females exposed during perinatal development (27, 28) . Additional studies are needed to determine whether exposures to BPA during pregnancy and lactation induce effects on exposed adults similar to those we report in this work. Cross-fostering of litters will also help to determine whether the effects of BPS we have observed on the pups are due to direct disruptions to growth and development or indirect effects due to altered milk supply and maternal care. Prior studies suggest that BPS alters some aspects of development in exposed offspring, including development and hormone responsiveness of the female reproductive tract (41), as well as postweaning body weight and social behaviors (39) .
We were also intrigued by results showing a decrease in pup-initiated nursing in litters exposed to 200 mg BPS/kg/d. Pups that are less interested in feeding would be expected to have stunted growth, and their decreased suckling may also contribute to early involution of the mammary gland in dams because this can promote accumulation of milk in the mammary gland, the first step in involution. There are a number of reasons that pups might experience problems initiating nursing, including difficulties locating the mother (e.g., abnormalities with sensory organs), problems sensing hunger and satiety, or locomotive problems. Future studies should evaluate these factors. In addition to BPS-induced altered mammary gland morphology, the observed changes in protein expression in the lactating mammary gland are also consistent with early involution of the gland. A decrease in Stat5 activity and an increase in expression of ERa occur during the process of involution (57, 58) . Although not statistically significant, we observed a decrease in the abundance of Stat5 in dams exposed to BPS compared with control animals (Fig. 2) . We also observed a significant increase in the number of epithelial cells that were ERa positive in the mammary glands of females from both BPS treatment groups relative to controls (Fig. 3) . These changes occurred in the absence of proliferation. Unfortunately, because of the manner in which samples were collected, we were not able to evaluate apoptosis, an additional indicator of involution.
We also tested the hypothesis that the hypothalamicpituitary-ovarian axis may be involved in the complex loop of BPS-induced altered nursing behaviors and mammary gland involution. We examined the effects of BPS on the arcuate nucleus, an ER-rich region in the hypothalamus that is important for the regulation of behaviors associated with lactation (43) . ER in the arcuate nucleus is vital in the activation of normal reproductive and maternal behavior, as well as other behaviors, including anxiety and aggression (59) . ERa expression in the arcuate nucleus is suppressed by increased circulating estrogens and xenoestrogens, including BPA (60, 61) . We examined both ERa and Stat5, a mediator of prolactin signaling, in the arcuate nucleus and found nonsignificant decreases in ERa expression in BPS-treated dams, similar to what has been demonstrated for BPA (Fig. 5) . These results provide evidence that the mammary gland may be a direct target of BPS during lactation. We also observed decreased serum concentrations of 17b-estradiol in BPS-treated females at LD21 (Fig. 5D) . Because samples were collected at LD21 when pups were weaned, and the estrus cycle stage was not evaluated in these dams, these results might indicate that control females have resumed cycling, whereas BPS-treated females have not. Importantly, lower serum estradiol concentrations in females exposed to BPS may contribute to decreases in prolactin signaling, as estrogen stimulates the secretion of prolactin, promoting milk synthesis and secretion (4) .
It has been understood for several decades that pharmacological doses of estrogens can halt lactogenesis. Potent estrogenic chemicals like diethylstilbestrol and estradiol vanadate were prescribed to suppress lactation after parturition in women who were not planning to breastfeed (17) (18) (19) (20) (21) (22) (23) . The question of whether low doses of xenoestrogens might also have effects on women has recently gained attention, and a small number of studies have examined associations between environmental chemical exposures and duration of breastfeeding. In a study of women from an agricultural town in northern Mexico, levels of dichlorodiphenyldichloroethylene (DDE), an estrogenic metabolite of the pesticide dichlorodiphenyltrichloroethane (DDT), measured in breast milk at parturition were inversely associated with breastfeeding duration; those with the lowest concentrations breastfed for a median of 7.5 months, whereas those from the highest group only breastfed for a median of 3 months (62) . DDE exposures were also associated with decreased breastfeeding initiation (63) . Similar relationships were shown in other human populations (64), but not all (65) . More recent evaluations of relationships between breastfeeding and other persistent organic pollutants, including PFOA and PFOS, suggest that higher concentrations in mothers are associated with reduced breastfeeding duration and reduced exclusive breastfeeding (66) (67) (68) .
We chose to study BPS due to its widespread use as a replacement for BPA in a number of consumer products; human exposure has been documented; cell-based assays have demonstrated its estrogenic properties; and its effects on mammals remain poorly studied (69) . As in our previous study demonstrating alterations induced by BPS on additional measures of maternal behavior and the brain (42) , the findings presented in this work further indicate that the mother is vulnerable to exposure to low doses of BPS during pregnancy and lactation. Circulating estrogens are high during pregnancy, leading many researchers to conclude that the mother is unlikely to be affected by low doses of xenoestrogens (70) . The results presented in this study challenge this assumption, suggesting that pregnancy and lactation may serve as a sensitive window of development for the mother. In some cases, the effects induced by xenoestrogens on exposed mothers manifest months after exposures cease, suggesting that these effects are organizational in nature, rather than activational (71) (72) (73) (74) . Follow-up studies are needed to examine mammary glands of mice exposed to BPS during pregnancy and lactation months after the end of pregnancy and lactation to assess whether this organ experiences long-term adverse outcomes.
